A computer-aided solvent screening methodology is described and tested for biocatalytic systems composed of enzyme, essential water and substrates/products dissolved in a solvent medium, without cells. The methodology is computationally simple, using group contribution methods for calculating constrained properties related to chemical reaction equilibrium, substrate and product solubility, water solubility, boiling points, toxicity and others. Two examples are provided, covering the screening of solvents for lipase-catalyzed transesterification of octanol and inulin with vinyl laurate. Esterification of acrylic acid with octanol is also addressed. Solvents are screened and candidates identified, confirming existing experimental results. Although the examples involve lipases, the method is quite general, so there seems to be no preclusion against application to other biocatalysts.
Introduction
Modern chemical synthesis involves frequently also biocatalytic steps. Since the pioneering work of Klibanov and co-workers on enzyme-catalyzed reactions in organic solvents [1] , the application of enzymes in organic solvents has increased tremendously [2, 3, 4, 5, 6] . Enzyme function, and the equilibrium states of a reaction, can vary substantially when the solvent composition changes [7] . Thus, to improve enzyme function and reaction yield, solvent engineering may be a very useful tool. It is relatively easy to manipulate the solvent properties for enzymatic reactions, as hundreds of solvents and many more mixtures can be considered for biocatalysis. The freedom to select among several alternatives, however, also places demands on the selection of an 'advantageous' solvent. Outside research laboratories, introduction of a solvent into a process, will not only affect the chemical reaction. When processing is considered, solvent recycling will inevitably be required. Therefore expenses and ease of recycling must also be taken into account in solvent assessment. Since many future biobased processes will be solvent intensive, a systematic method to identify solvents will be desirable. Rather than mix the substrate, solvent plus enzyme and then test if it is suitable, the objective would ideally be to fix a performance target (defined through solvent properties and process constraints) and identify solvents that match the target. Then, less trials are required, and resources may be spent more strategically on designing an economically feasible process. 
Background
In recent decades great advances have been made in modeling and computation of the properties of complex chemical systems. Solvent effects on biocatalytic reactions have been characterized frequently in literature, and there is considerable appreciation of how thermodynamic activities affect the reaction equilibrium [8, 9, 10, 11, 12, 13] . In spite of this, computer-aided solvent selection methods seem not to have penetrated the biocatalysis community yet. In fact, biocatalytic reaction media are mostly selected based on past experience and 'mix-and-test' experiments [14, 15, 16] . Progress in modeling enzymatic solutions will undoubtedly continue, but achieving reliable prediction without measured data is unlikely. In particular, activities (or rates) of biocatalytic reactions are not at this stage predictable using purely computational approaches, although some fundamental results have been reported [17] . The influence of unknown side reactions and effects of impurities cannot be predicted from computations either. Therefore computational methods will for long need to be coupled with at least a limited set of measurements for validation. The question is how to use most conveniently the benefits of computational approaches, such that it can realistically be coupled with practice?
Screening wide ranges of solvent candidates is possible if simple methods exist for checking solvent properties against performance criteria. A method for identifying molecules (or mixtures) with desirable properties is Computer-Aided Molecular Design (CAMD). Previously CAMD has been used to design a range of chemical products, e.g., polymers [18, 19, 20] , refrigerants [21, 22] , microparticles with desired loadings [23] , extraction solvents [24] and reaction solvents [25] for synthetic chemical reactions.
Many biocatalytic systems -from growing cells to purified enzymes -exist [26, 27, 28] . Design criteria, rationalizing the solvent effects on biocatalytic reactions, depend upon the system [9] , i.e., if the biocatalyst is an enzyme with an interphase, dissolved in a nearly anhydrous solvent medium, part of a cell, solvent free or other.
Laane et al. [9] gave criteria for some cases, with emphasis on a (bacterial) cellcontaining aqueous phase, plus an immiscible and biocompatible organic phase that partitions (possibly) toxic substrates to the cells based on metabolic demands and the thermodynamic equilibrium of the system. Laane's work was based on an early study of biocatalysis inhibition caused by solvents [29] . That work concluded that high biocatalytic rates result when the solvent polarity is low and its molecular weight exceeds 150 g/mol. Laane and co-workers [9] claimed a stronger relationship between bioactivity and the logarithm of the octanol/water partition coefficient (log P) of the solvent. In short, biocatalysis is low when log P < 2, moderate/unpredictable when 2 < log P < 4 and high when log P > 4. The underlying observations showed sigmoidal plots of bioactivity versus log P, with a transition region containing an inflection point (critical log P or log P crit ) above which organism growth in the aqueous phase was not adversely affected by the solvent. This correlation was rationalized in terms of the solvents ability to distort the essential water layer that stabilizes the biocatalyst.
A comprehensive solvent screening approach for living cells-containing systems was later developed and applied by Daugulis and co-workers in a series of articles [30] . Their requirements to a suitable solvent are a favorable distribution coefficient for the product (ratio of product concentration in the solvent to product concentration in the aqueous culture medium) at equilibrium. Also high selectivity is required, so that the solvent preferentially removes the product over water. Low aqueous solubility is required to minimize the solvent loss. Chemical and thermal stability is required, since over the course of long or continuous fermentations the solvent may be recycled many times. In order to facilitate product recovery constraints may also be placed upon density, viscosity and boiling point. Since the solvent will be in direct contact with the biocatalyst, nonbiodegradability is also considered, so that the organism does not use the solvent as a substrate. The solvent must also be completely biocompatible so that bioactivity is not compromised. In addition, the choice may be guided by demanding that the solvent must be non-hazardous, non-toxic, in-expensive, not form emulsions and be available in bulk quantity. Treatment of toxicity on a quantitative basis seems to be the most troublesome step. Their analysis seems to suggest that toxicity increases when log P is high and when water solubility is high. The approach is centered about an extractant screening program (ESP) database. To screen a large number of extractants, physicochemical properties, availability, price, and any existing toxicity data (such as LD 50 ) are looked up in the ESP database. Quantities, such as the distribution coefficient, selectivity and aqueous solubility, are calculated from activity coefficient models. Biocompatibility needs to be determined experimentally, since log P crit varies among organisms, and its prediction for mixtures is more complex than for pure solvents.
Wang and Achenie [31] also considered extractive fermentations: While their criteria were closely related to those of Daugulis and co-workers, their method relied more on mathematical programming and optimization. They constrained biocompatibility (in terms of lethal concentration, LC 50 , for the fresh water fish fathead minnow), separation factors, selectivity for product, solvent loss (in terms of activity coefficients) and ease of separation of solvent from product (in terms of boiling points). A CAMD approach can identify solvents from a far larger space of candidates than would be in a typical database. However, solvents generated with a CAMD method may not be commercially available, or may not be easily synthesized. What is needed, however, is not only the best candidate, but a range of promising candidates. Therefore, optimization methods must be extended to finding more than one solution [32] . This is not prohibitive, but must be taken into account when using optimization methods.
Extraction based (biphasic) systems seem most suited for reactions with hydrophobic products [33, 34, 35] . Laane et al. [9] generalized the validity of the correlations between free-and immobilized cell activities and log P to enzymatic reactions in (nearly) anhydrous organic media, based on data of Zaks and Klibanov [36] . In what follows we will develop and describe a CAMD methodology for solvent screening for such a system (enzyme, water and substrates/products dissolved in a solvent medium, without cells). Some constraints resemble those of our predecessors, but we will also modify and develop other constraints relevant to the problem.
Materials and Methods

CAMD methodology
A CAMD framework for enzymatic reactions is shown in Fig. 1 . If we liken the search for a reaction medium to the search for a needle-in-a-haystack, first we must get rid of a lot of hay. That is, eliminate non-promising solvents, and retain promising ones for further consideration. When limited candidates are left, more intensive and timedemanding steps (such as a set of strategically selected measurements, to validate the algorithm, and perhaps even molecular simulations) can follow. Ultimately scale-up studies on the most promising candidates can follow.
<Fig. 1>
CAMD Problem Formulation
Often the physical and chemical properties of a solvent can be resolved into terms related to its chemical groups. CAMD methodologies can be built to "exploit" such relationships. Here we will generate solvent structures by generating combinations of chemical groups. When a solvent is represented by its chemical groups, its properties can be predicted from group contribution methods resolving molecular properties into contributions of groups. Then, by articulating demands on the solvent as mathematical constraints on the property values, one can test if the solvent satisfies the constraints. The essential steps are:
• Generate structures (or combinations of groups), • Predict properties (using group contribution methods), and • Test if constraints on properties are satisfied This can be termed a 'generate-and-test' method [37] . Group contribution methods do not quantitatively represent the properties of all solvents. However, the methods typically capture the gross features of property variation by its molecular structure. This is sufficient, so long as CAMD methods are not used for final decisions, but to limit a search space. Here we use constraints on solvent performance related to i. Reaction equilibrium conversion (in solvent) ii. Substrate solubility (in solvent) iii. Water/solvent mutual solubility iv. Solvent toxicity and possibly safety v. Ease of separation (after reaction) vi. Structural feasibility (of group sets) considering a disadvantageous solvent to be one that, -allows a low reaction conversion at equilibrium, -dissolves insufficient amounts of substrates, -distorts the essential water layer at the enzyme surface, -is very toxic and/or flammable, or -is difficult to separate/recycle subsequently The theoretical concepts used in constraints formulation are outlined below. 
Reaction Equilibrium
For a single chemical reaction (in a single phase) with stoichiometric coefficients, ν,
a reaction coordinate at equilibrium, ε, is defined [38] by
Here, N are the mole numbers. The reaction coordinate at equilibrium will depend upon the reaction medium. It is given implicitly by a non-linear equation,
In equation (3 ) x are the mole fractions (expressible in terms of ε) and γ γ γ γ are Lewis/Randall normalized activity coefficients (depending upon x and temperature). The equilibrium constant, K, can be expressed,
The sum on the right hand side involves Gibbs free energies of formation for each species in its standard state. K may also be resolved into
In other treatments K eq is referred to as the equilibrium constant. The application of this classical thermodynamic approach to biocatalytic reactions has been discussed by several investigators [33, 34, 39] . Calculations have been described by Shen et al. [40] and later by Stamatis et al. [39] . The most rigorous application is to solve f = 0 (eq. (3 )) with respect to ε. Here we will transform the problem, in order to strengthen its applicability within CAMD. Firstly, in eq. (3 ) all solvent effects are on the summation, whereas K is solvent independent. Thus, the error made when employing an imprecise value of K is similar in all solvents considered. Therefore ranking of a set of solvents, in terms of their ability to promote a given reaction, is possible even in the absence of K. Secondly, solving eq. (3 ) with respect to ε involves iterations. In CAMD we need to consider (perhaps) tens of thousands of alternative reaction media. Solving non-linear equations for so many alternatives is undesirable. Fortunately simpler, non-iterative methods can be developed. Linearizing eq. (3 ) with respect to ε, one can estimate a reaction coordinate from:
Since this is a linear(ized) analysis of a non-linear problem, ε lin obtained from eq. (6 ) is only an approximation to the value obtained from solving eq. (3 ). If ε 0 can be selected near the ε satisfying eq. (3 ), the two results will agree quite well though. Unlike solving eq. (3 ) by iteration, calculating ε from eq. (6 ) is non-iterative. That simplifies the work, particularly when a great set of solvents are involved. In practice biocatalytic reactants will in some cases preferably be quite concentrated. In fact, one reaction system that is often attractive when using liquid reactants is a solvent-free liquid mixture of reactants. A fully general solvent screening method would allow reactant concentration to be a variable, and selecting optimal 6 concentrations could be as much a part of process design as the selection of solvent. For that purpose the use of eq. (6 ) may be viable.
However, in many other cases, such as transesterification of inulin with lauryl groups [41] , substantial amounts of solvent are required for dissolution of one or more reactants. Here, the reactants are present at very low concentrations. At this stage much convenience is gained from focusing on the situation where concentrations are low. If reactants are present at concentrations less than 1 mole percent, i.e. x i < 0.01, one can without loss of accuracy replace activity coefficients by their values at infinite dilution. Then the criterion of equilibrium reduces to
In eq. (7 ), the first two terms on the right-hand side, i.e. ln K -Σ ν j lnx j , form a decreasing function of ε, so when the rightmost sum decreases, the reaction coordinate increases. Thus for ranking of solvents, evaluation of S in eq. (8 ) is sufficient,
Eq. (8 ) 
Substrate Solubility
Infinite dilution activity coefficients are useful for systematic methods, because these quantities not only represent convenient common points, but in general represent conditions of maximum deviations from ideality and therefore possess maximum sensitivity to structural factor changes. Miscibility (or solubility) is promoted by low nonideality or low (Lewis/Randall normalized) activity coefficients. Thus, to ensure substrate solubility in a solvent, it makes sense to place upper limits on the infinite dilution activity coefficients of the substrates in a solvent for consideration. For less diluted systems, i.e. substrate mole fractions above 0.01, activity coefficients will of course differ from their corresponding values at infinite dilution. Nevertheless, the ranking is normally similar. An important observation can be made from eq. (8 ): For sufficient equilibrium conversion, S in eq. (8 ), must be small, implying that activity coefficients will be small for products and large for substrates. However, sufficient substrate solubility implies small substrate activity coefficients. Thus, what is desired is a solvent where the substrate activity coefficients are low enough for sufficient substrate solubility, and where product activity coefficients are even lower. This can be difficult to find.
Essential Water
Water activity (a w ) is an important parameter in biocatalysis [8, 9, 42, 43] , since the hydration of the enzyme surface depends on the water activity in the solvent (solvent plus water) medium. Constraints are imposed in order to preserve this hydration level.
When the tendency of a solvent to partition between phases or sites of different polarity is a relevant phenomenon, log P has been widely used. When a distinct aqueous phase (even microscopic) is present (a w ≈ 1), solubility in it probably lies behind successful use of log P to correlate solvent effects on biocatalysts [9] . In low-water reaction mixtures (a w < 1, and no distinct aqueous phase exists) solvent effects are as much related to water as to the solvent itself.
More hydrophilic solvents will have more capacity to dissolve water. Hence if solvents are compared at constant water content, hydrophilic solvents will leave less water on the biocatalyst surface. In this case log P seems less obvious for correlation of solvent effects, since the appropriate parameter is water solubility in the solvent. If solvents are compared at constant water activity -as is frequently seen in scientific work e.g. [34, 44] -the water stripping effect is eliminated. Yet the adverse effect of solvents seems still to partly reflect their tendency to partition into the relatively polar environment around the biocatalyst. Therefore, even when log P is questionable, log P may still give reasonable correlations -perhaps reflecting the general cross-correlation of all solvent polarity scales [8] . Thus, it makes sense to exclude solvents with low log P and solvents in which water is readily dissolved.
As above we will base constraints on infinite dilution activity coefficients in pure solvents, although in reality, surface water is exposed to a mixture of water and solvent. High water activity coefficients at infinite dilution in solvent ensure that the water does not easily dissolve in the solvent. There is a very strong correlation between log P and the simple solubility of the organic species in water [8] . Thus, constraining infinite dilution activity coefficients of solvents in water to high values, will imply high values of solvent log P, as suggested by previous treatments [9, 30, 31] . This is due to the fact that log P is related to the difference between the log of infinite dilution activity coefficients of solvent in water and in 1-octanol, respectively. The water term is typically dominant and shows the greatest variation. This is consistent with Halling [8] , and it makes this treatment consistent with the recommendations of Laane [9] in this respect. Lower solvent activity coefficients (in water) will also imply less hydrophilic solvent, and less distortion of the essential layer [9] . Altogether, constraining infinite dilution activity coefficients of solvents in water, will lead to exclusion of solvents with low log P. This is equivalent to the log P constraints employed by Daugulis [27] and Wang and Achenie [28] . In addition we constrain the water in solvent solubility by constraining the water activity coefficients at infinite dilution.
Toxicity/Separability/Flammability
LC 50 is the lethal concentration in the sense of Martin and Young [45] . It is a measure developed from animal studies. Translation to human responses is not uncontroversial; yet we assume that it ranks solvents appropriately in terms of their toxicity. Thus, demanding a minimum on LC 50 of a solvent puts an upper limit on the 8 allowed toxicity of the solvent candidate. This treatment of toxicity resembles that of Wang and Achenie [31] but differs from that of Daugulis and co-workers [30] .
Placing lower limits on a solvents boiling point has a number of consequences. In particular a high boiling solvent may facilitate removal of a volatile product by stripping. Addressing the downstream processing in more details may affect this constraint, though. Boiling temperatures also are closely related to a solvents flash point. A high boiling point corresponds to a high flash point [46] , so in some (though not all) situations this may also represent a constraint on the flammability of a candidate solvent.
Structural Feasibility
Not all sets of molecular groups can be joined to form a feasible molecule. For example, two methyl groups can be joined to form ethane, but three cannot be joined to form "(CH 3 ) 3 ". To facilitate the handling of constraints related to structural feasibility of a set of molecular groups, it is customary to restrict the problem to either cyclic or acyclic structures [32, 47] . Here, we will consider only acyclic structures.
Experimental Methods
Experimental studies of the transesterification of vinyl laurate and 1-octanol were carried out as follows: A commercial lipase B (0.2 mg/mL) from Candida antarctica (Novozyme 453; Novozymes) was incubated at 40 o C for 22 h in organic solvent (100 mL) containing 0.1 mmol/mL vinyl laurate and 0.2 mmol/mL 1-octanol. Hexadecane (0.02 mmol/mL) was added as internal standard. At regular time intervals (typically ¼, ½, ¾, 1, 2, 4, 6 and 22 hours) 50 µL samples were diluted in 950 µL organic solvent in which the incubation was performed. A Focus GC (Interscience) equipped with a Restec Rxi®-5ms 30m × 0.25 mm × 0.25 µm column and a FID detector was used for determination of the formed ester. One µL of the diluted sample was injected into the GC and the applied linear temperature program started at 80 o C and was increased to 300 o C with 7.5 o C/min. The carrier gas was helium with a flow pressure of 150kPa. The incubations were performed in duplicate and the standard deviation of the results was less than 5%. The synthesis of the transesterification product between vinyl laurate and 1-octanol was calculated from the conversion of 1-octanol. All organic solvents used were of analytical grade.
Case Studies
Increasingly complicated biocatalytic reactions evolve during the years, where solvent selection is not straightforward. Decoration of inulin with lauryl esters [41] using a commercial lipase B preparation from C. antarctica, is an example of this. As a substrate, inulin needs to be dissolved. This is not an easy step, since only few solvents seem able to do this satisfactorily. One is DMSO [10] , but it is not a desirable solvent. It smells, it is difficult to remove from the reaction mixture and some enzymes lose their catalytic activity at high DMSO concentrations. We have considered this system as an example to be screened using the CAMD procedure outlined above. As a prelude to this we use a simpler 'test' reaction system (called Case 1) where vinyl laurate is transesterified with 1-octanol, using the same lipase. The transesterification of inulin with vinyl laurate is described in Case 3.
Equilibrium conversions often do not vary strongly with solvent for transesterification reactions [39] , so an esterification reaction which often shows greater effects may serve as another test of the methodology. Therefore, we address an esterification reaction (Case 2) and have taken the data presented by Nordblad and Adlercreutz [44] . Solvent selection is not the goal in this case but the data are very useful for illustrating the need for experimental validation using the CAMD methodology.
Case 1; Transesterification of Octanol/Vinyl Laurate
The transesterification reaction equilibrium of octanol with vinyl laurate using lipase B from C. antarctica can be written as ('V' is vinyl and 'L' is laurate), 8 8
The last reaction is an interconversion of ethenol to acetaldehyde by tautomerization. In solutions where tautomerization is possible, a chemical equilibrium of the tautomers will be reached. The exact ratio of the tautomers depends on several medium dependent factors, including temperature, solvent composition, and pH. Since the tautomerization is shifted strongly to the right, we may -as an approximation -write the net reaction equilibrium on the form (eq. 10 ), 8 8 3 VL C OH C L CH CHO + + (10 ) Equilibrium conversion of transesterification reactions are often not very solvent sensitive [39] . In the absence of the vinyl group -with no tautomerization step -this is consistent with the fact that S in eq. (8 ) calculated, using group contribution methods such as UNIFAC [48] , has the same value in all solvents. However, for vinyl esters, due to the tautomerization step, appreciable solvent dependence is possible.
With either of the two esters (VL and C 8 L), one common side reaction is hydrolysis, involving the water adsorbed on the protein surface or dissolved in the solvent medium. For studies directed towards final selection, the effects of a potential hydrolytic side reaction need to be taken into account, both in terms of reduced yield and consumption of water affecting the biocatalyst environment. For initial screenings, as here, we have not considered this aspect, although the extension is not too difficult.
CAMD Problem Formulation; Case 1
We reject solvents that violate the constraints, 8 8
In (11 ) n i is the number of times group i appears in the candidate solvent, v is an array of group valency numbers and m = 1 for acyclic molecules. Subscript S denotes the solvent sought and W denotes water. Constraint values, δ, appear on the right hand side. The doubly subscripted activity coefficients, γ i,j , are of solute i in solvent j. Constraint i) excludes solvents giving low equilibrium conversions. Constraints ii) exclude solvents that do not dissolve sufficient substrate (VL/C 8 OH). Constraints iii) and iv) exclude the most hydrophilic and the most toxic solvents, respectively. v) constrains the boiling point, in order to facilitate stripping of acetaldehyde (T b ≈ 294 K).
We limit the allowed set of pre-specified structural groups to five different basis sets (Table 1) for each of which the molecular design problem i)-v) plus a)-c) is solved. The basis sets in Table 1 consists of 9 groups, so dim(n) = 9.
<Table 1>
The basis sets, raise the issue of solvent reactivity (possibly enzyme-catalyzed). Using lipase reactions, a primary or secondary alcohol may become a reactant, as may any ester of such an alcohol. Amines will also often act as lipase substrates, producing amides. Furthermore, non-enzymatic reactions of amines with vinyl esters may be significant under mild conditions, and there are even examples where this is true for alcohols. Such knowledge must be used as a sensible input to the process. One could therefore argue that the alcohol group should be excluded from the basis sets, in order to have no primary and secondary alcohols included. However, in group contribution based CAMD, that would also exclude tertiary alcohols -a frequent biocatalytic medium [14, 41, 44] . Therefore, the alcohol group is retained. Thus, there are situations where certain groups are included in the basis sets, even though some candidates formed from these groups can be undesirable from a chemical point of view. Therefore, solvent selection requires knowledge of chemistry related to solvent reactivity -even when assisted by computer-aided methods. By working with smaller basis sets, we lower the possibility of candidates with more than single functional groups. Property predictions from group contributions are not particularly reliable for such cases [49, 50, 51, 52] . Table 2 summarizes the constraint values employed with the five different basis sets shown in Table 1 . <Table 2>
Method of Solution and Computations
Activity coefficients are calculated using the UNIFAC form of Hansen et al. [48] . The method has been extended and revised a number of times in recent years [53, 54] . The existence of different versions has led to many studies comparing the versions. While the versions with extended temperature parameterizations have advantages in representation of heats of mixing, less difference is seen in the case of activity coefficients. For CAMD, we need the gross features of activity coefficient variations, for which temperature independent parameters are reasonable. We use consistent group tables for predicting boiling points [55] and LC 50 [45] . Tables 1-2. <Table 3>
Results
From Basis Set 1, thirteen generated esters and ketones satisfy the criteria in (11 ). Substantial hydrocarbon segments are needed for a candidate to satisfy all constraints. From Basis Set 2, the ethers listed typically have substantial hydrocarbon portions, compared to typical ethers. From Basis Set 3 no generated structure satisfied the constraints. Basis set 4 gave only repetitions from Basis Sets 1 − 2. Basis Set 5 is a set of molecular groups (molecules small enough to be considered groups). None of these satisfy all constraints. It is useful to check what are the active constraints in eq. (11 ) that exclude particular candidates. This information is listed in Table 4 .
<Table 4>
As mentioned, primary and secondary alcohols have a risk of becoming a reactant, as does any ester of such an alcohol and amines (including non-enzymatic reactions under certain conditions). Therefore, losing the primary alcohols, esters and amines as shown in Table 4 is not a problem. These would be eliminated anyway. However, here the solvents are excluded by other criteria as becoming a reactant.
Experimental Testing
The property prediction methods used for the constraints i) -v) are quite reliable for ranking solvent properties. A key prediction of the model is the chemical equilibrium positions dependence on solvent, as explicit in constraint i). The ranking of solvents in terms of S assumes the presence of the enzyme has no impact on the equilibrium. This is not always valid. Therefore the ranking based on S is tested against a few experimental measurements. Fig. 2 shows the fraction of vinyl laurate converted as a function of time in tert-butanol. The curve fitted represents a fit of a second order kinetic model to the data. The correlation seems satisfactory, although some scatter is seen.
<Figure 2>
For all solvents tested, octyl ester production was at least linear for 1 h. The limiting conversion is near 69 % using tert-butanol as solvent. Results for the other solvents, are shown in Table 5 . When ethyl acetate was used as solvent hardly any trans-esterification product between vinyl laurate and 1-octanol was found. This is due to reactions of 1-octanol with ethyl acetate which is the most abundant compound present.
<Table 5> Fig. 3 shows the correlation among S and %-conversion of vinyl laurate. There is a clear trend with some scatter, but the gross features of the experimental and computational results are consistent. Therefore, when S is small, experiments produce high conversions. This suggests that the CAMD procedure is valid. <Figure 3>
Conclusions/Discussions; Case 1
Solving a CAMD problem requires assumptions regarding the chemical reaction(s) taking place. The conclusions reached depend upon the validity of these assumptions, both regarding the main reaction and possible side reactions. It is vital to validate the reaction equilibria using (limited) experimental data. Case 2 will emphasize this point.
Case 2; Esterification of Octanol/Acrylic Acid
Esterification reactions are often more sensitive to the solvent chosen. Moreover, esterification data are useful to demonstrate an important feature: For some reactions, the presence of the enzyme seems to affect the equilibrium conversion to products. Adsorption of water by the catalyst particles is one of the circumstance under which this can happen. Initial rate data of Nordblad and Adlercreutz [44] are considered here for esterification of acrylic acid (2-propenoic acid)/octanol to form octyl acrylate/water:
The reaction mixtures contained all 60 mM of acrylic acid and octanol, and the reactions were performed at 40 o C. Kinetic initial rate are not simply related to a property at equilibrium, such as S, so perfect correlation among the two can hardly be expected. Nevertheless, speculation in correlations between kinetic properties (e.g. initial rates) and properties characterizing equilibrium states (such as log P) are common in the literature [9, 34, 44] . We therefore have computed S values (as above) for the solvents considered in these experiments and compared the results to the initial rates shown in Fig. 4 .
<Figure 4>
In calculation of S (Fig. 4B ) one ignores the presence of the enzyme. Perhaps not unexpectedly the S values suggest that esterification is not substantial in hydrocarbonsbecause formation of water in hydrocarbons is unfavorable. However, the experiment suggests that initial rates in hydrocarbons are great. Intuitively water -when formed as a reaction product -needs not be dissolved in the 'bulk' solvent phase, but can instead be adsorbed by the aqueous surface layer on the protein, consistent with previous experimental [56] and theoretical [57, 58] results. That allows water to 'escape' from the medium, and it may promote water formation. Then a situation is created where the medium which expels water (or removes product) most effectively is the most efficient medium -even though water needs to be formed. We have therefore compared the values of S without the water term. This corresponds to a situation where the reaction mixture is in contact with a water phase where the water activity is constant (a w near 1), though not necessarily unity. This leads to the ranking shown in Fig. 4A , where things fall into place much better, and low S values (indicating a favorable solvent) in fact are seen to produce high initial rates. The authors [44] noted an increased reaction rate when solvent log P 13 increased, consistent with previous data on esterification [34] . Thus, in the cases of transesterification as well as esterification, log P values show the same trend as initial rate data. However, the underlying explanations based on a molecular level perception can be entirely different. Valivety et al. [34] rationalized esterification data at equilibrium by transforming the 'fundamental' equilibrium constant, K (similar to eq. (5 ) 
While the water activity was unity throughout, they found that high water solubility in the solvent gave a small K 0 (poor esterification). They attempted correlation with other measures of hydrogen bonding capability. While their treatment appears different, it seems that recognizing that (nearly) constant water activity eliminates water from consideration is similar to our treatment. Since systems where water is a reactant require special attention, modified constraints can create conflicting situations. Valivety [34] noted that a hydrolysis reaction will be favored in solvents where water solubility is high. This appears at first glance to be in conflict with the nature of our constraint iii). However, if water is a substrate, we will also demand water solubility to be sufficiently high. This will imply upper limits in constraint ii) on substrate/water activity coefficients in solvents. This should allow for counterbalancing this effect, although admittedly some re-evaluation of constraints seems necessary in such cases. Thus, in both Cases considered we need the experimental results to check if computations underlying the CAMD algorithm rank the solvents appropriately. If the measurements do not confirm the calculations, the CAMD algorithm must be revised.
Case 3; Transesterification of Inulin/Vinyl Laurate
Inulin is a polysaccharide extractable from chicory or dahlia roots. It is sweet, non-fattening and can be used as a prebiotic. Decoration of inulin with laurate groups, in order to improve its functionality [41] , is an interesting reaction. In the process the product accumulates both in solution and in the solid phase. Halling and co-workers [59] found, the highest overall yields (liquid plus solid phases) in solvents where the substrate solubilities are minimized. The best yields of solid product were found in solvents where both product and substrate solubilities are low. Our reaction scheme is somewhat different. Here, we will optimize the liquid product, based on S of eq.(8 ).
CAMD Problem Formulation; Case 3
We have identified solvent structures by solving a CAMD problem, as before:
14
The criteria applied to the octanol problem in eq. (11 ) are all applicable to the inulin reaction. As mentioned, when the solubility of the substrates increases, the conversion decreases, since the terms forced to be small by constraint ii) increase the sum in constraint i). Therefore, if the solubility of inulin is to be larger, conversion will be lower. Likewise, if the equilibrium reaction coordinate is to be large, sufficient inulin may not dissolve. As a compromise we have solved the CAMD problem with two different sets of inputs: One set with strong demands on inulin solubility, relaxing constraints on conversion, and another set with strong demands on conversion, relaxing demands on inulin solubility. Table 6 lists the constraint values used with Basis Sets 1-4 in Table 1 .
<Table 6>
Experience [41] suggests that the reaction temperature for lipase catalyzed inulin transesterification may exceed 80°C, so the boiling point is constrained to above 360 K, to also facilitate acetaldehyde removal. Constraints on LC 50 and water solubility are not changed.
Method of Solution and Computations
Thermodynamic treatment of inulin is not straightforward, since there are no standard models for predicting absolute values of its solubility in different solvents. With focus on the relative ranking of solvents, sensible approximations may be made to obtain useful results. To do so, the absolute solubility values need to be ignored. Because the procedure is non-standard, some explanation follows. When solubility of a solid solute in a solvent (mixture or pure) is small (less than 1 mole percent, x i < 0.01), the expression
is valid [60] . The ideal solubility is based on the properties of pure crystals, involving the temperature and melting heat of inulin. Using equation (15 ) for different solvents requires that inulin forms identical crystal lattices in all solvents considered. This is often the case, for small molecular solutes. For larger molecules, it is questionable. Although a fully reversible melting/fusion process is unrealistic (inulin partially decomposes (thermally) below the melting point), Table 7 lists experimental [61, 62] melting enthalpy and temperature data reported on inulin. Table 7 also gives UNIFAC group assignments and molar masses of the different species relevant to the process. Also, inulin is a large molecule with a large number of groups. Group contribution methods are typically most reliable when used for systems with a moderate number of groups [51, 52] .
<Table 7>
Another issue which complicates the thermodynamic treatment of inulin is that it is polydisperse, so the chain length has no clear cut value, but follows some distribution. The inulin used here had an average length of 10 carbohydrate units. Thus its interaction with solvents will be dominated by the hydroxyl, hydrocarbon, and ether groups in the repeating unit. In what follows we compare the inulin repeating unit ('I-OH' in Table 7 ) solubility as if the repeating unit was a distinct molecule, assuming that the solvents that dissolve the inulin repeating unit to highest extent will also be the best inulin solvents. We consider the decorated inulin to be the inulin repeating unit transesterified with vinyl laurate ('I-O-L' in Table 7 ). These assumptions and eq. (15 ) form the basis of the three rightmost columns of Table A .1 and columns 2-4 (from right) in Table A .2 and A.3. On this basis, it is clear that the mole fraction solubilities of inulin, x I , can only be considered on as relative values. For example, considering 1 mole percent repeating unit as basis, the 'true' inulin mole fraction would be about 10 times less.
Results
One important difference between Case 1 and Case 3 is the ease of dissolving octanol and inulin. We have examined the inulin solubility in the solvents considered for Case 1. The three rightmost columns in Table A .1 compare the inulin solubility in the respective solvents, as calculated using eq. (15 ) . It would be desirable to base the solvent selection for Case 3 on experiences with Case 1, assuming that a good solvent in Case 1 will also be good in Case 3. Unfortunately, the three rightmost columns (giving lnγ IS ∞ , ln x IS , x IS , where 'I' denotes inulin) in Table A .1 suggest that inulin is barely soluble in the solvents identified in Case 1. This suggests that Case 1 might be useful as a proof-ofconcept reaction, but it provides limited information on a useful solvent in Case 3.
We have examined the twelve pure solvents shown in Table 8 . With the exception of tert-butanol, these are considered molecular groups with UNIFAC, and do not resolve into smaller groups. Therefore these will not be generated by a CAMD method. Unfortunately most solvents in Table 8 Table A .2 -A.3 'W' is water, S is the solvent, I is inulin and E is the ester substrate (vinyl laurate). For each basis set the constrained quantities are reported in columns below the constraint value applied in the CAMD problem. Table A. 2 displays results obtained from solving the CAMD problem in eq. (14 ), using constraints that (relatively) emphasize conversion over substrate solubility (Specification 1 in Table 6 ). Thus, these candidates give high conversions, but low amounts of inulin can be dissolved in these solvents, as shown in columns 2−4 from right. Certain group sets correspond to commonly known solvents, such as propionitrile, butyronitrile (Basis Set 3) and hexanone and 3-pentanone (Basis Set 4). All have low inulin solubilities except a few from Basis Set 3.
All entries in Table A. 2 have a constraint i) sum, S < -3. The best inulin dissolver generated from Table A.2 is propionitrile. Inspection of all solvents in Table 8 having a constraint i) sum less than -3 shows that only methanol, acetonitrile and DMF produce gamma infinity values for inulin less than that of 1.45 found in propionitrile. Table A.3 lists results obtained when emphasizing high inulin solubility over conversion (Specification 2 in Table 6 ). The numbers in the rightmost column are greater in A.3 than in A.2. Thus, the solvent candidates in A.3 dissolve high amounts of inulin, but do not allow as great conversion as those in A.2. Certain group arrays correspond to commonly known solvents, such as tert-butanol, 3-methyl-2-butanol, tert-pentanol and 3-methylbutanol (Basis Set 1), among which some are primary alcohols. All candidates of Basis Set 2 are amines. These can act as lipase substrates, producing amides, and nonenzymatic reactions with vinyl esters may be significant even under mild conditions. Propionitrile is regenerated from Basis Set 3. All entries in Basis Set 4 are repetitions. The candidates generated have low inulin solubilities.
Certainly Table 8 has entries with greater inulin solubilities than those reported in Table A .2 and A.3. DMF, acetonitrile, 1,2-ethanediol and DMSO dissolve inulin well, but not vinyl laurate. DMSO and 1,2-ethanediol do not provide great conversions either. All seem to be quite hydrophilic.
Conclusions/Discussion; Case 3
It seems that the options among pure solvents are exhausted, since no single candidate seems to offer sufficient inulin solubility, sufficient hydrophobicity, high boiling temperature and sufficient conversion. This may only be feasible with mixed solvents, as experience shows.
The candidates of Table 8 , it seems to be at the expense of vinyl laurate solubility and hydrophobicity. Again, vinyl laurate solubility seems highest in propionitrile and hydrophobicity of propionitrile seems somewhat greater than that of the tertiary alcohols. From Table 8 , DMSO and DMF look like realistic additives.
Previous works on transesterification of inulin [41] report the feasibility of carrying out the reaction in a mixture of tert-butanol and DMSO. The results of this section seem consistent with this experimental finding. It is clear that employing a mixed solvent of tertiary alcohol or propionitrile plus DMSO or DMF will require that the mixed solvent forms a stable single phase. According to UNIFAC, all such mixtures seem to form stable single phases at all compositions. Likewise, the hydrophobicity concerns can be evaluated. This makes us lean slightly towards the propionitrile systems. The less DMF or DMSO added, the closer the system will resemble the alcohol or nitrile systems in terms of hydrophobicity. The inulin solubility concerns will also point towards propionitrile, since addition of small amounts of DMSO or DMF will increase inulin solubility faster than in alcohols. On the other hand, the nitrile systems are more toxic.
Discussion
Automation of CAMD for biocatalysis is a challenge. Certain constraints seem to be similar for different reactions. However, the use of CAMD in biocatalysis is an iterative process with the steps: 1) Problem formulation; 2) Solve to obtain a sensible solution; 3) Reconcile the solution with previously known facts; 4) Revise the problem and solve again. Obtaining useful results requires a good understanding of the process, its chemistry and its objectives. Different reactions may require different constraints, and constraints revisions may be necessary, experiments are necessary and constraints values need to be adjusted and so forth. For example, the two transesterification reactions, involving different substrates, led to quite different considerations. Here, were have investigated the applicability of CAMD as a methodology in biocatalysis.
The current methodology has some limitations. For example it does not directly incorporate the influence of multiple (or side) reactions. Inclusion of the effects of side reactions is possible. However, these must be known in advance. If they are, another constraint resembling i) on the main reaction can be included. Also, single phase solvents are considered only. We do not believe extensions to treat such cases as solvent free, biphasic systems will be too difficult, but revised constraints will be required to do so. Formal extension of this framework to solvent mixture screening would be an obvious next step. By inspection of the list of constrains in eq. (14 ) it seems that constraints i, ii, iii and a) -b) are straightforwardly extended to mixtures. The only exception is the solvent solubility in water in constraint iii), which is a single component property. The boiling points and LC 50 estimates can be approximated by linear interpolations of pure components values -at least for screening purposes.
The constraints in eq. (11 ) contain thermodynamic statements, phrasing the solvent screening problem as an essentially thermodynamic problem. As is known [8, 13] , one can question whether thermodynamics is applicable to reaction systems for biocatalysis, since such systems are really not at equilibrium in all respects, as required for rigorous application of thermodynamics. Reaction rates are not considered explicitly. Only constraint iii) considers solvent/catalyst interactions. Thus, there is no guarantee that a solvent that satisfies all criteria in eq. (11 ) gives a high rate. Solvents that satisfy eq. (11 ) will enable high conversion. How fast the reaction approaches equilibrium is a different matter. The answer depends upon the efficiency of the enzyme in the medium. However, solvents not satisfying eq. (11 ) will not allow a high conversion, irrespective of catalyst efficiency. Therefore we may as well eliminate most of such solvents at an early stage. Therefore, while eq. (11 ) does not incorporate all important statements on enzyme performance, this is not a deficiency of the approach. Eq. (11 ) screens out poorly performing solvents, without final selections.
The choice of the UNIFAC forms may conceivably influence the decisions. Using the forms chosen here ensures that all properties predicted from group contributions are possible using a consistent group table. Accommodating multiple group tables and multiple definitions for describing the same molecule is thereby avoided. The most established UNIFAC versions mainly differ by the form of the temperature dependency of the interaction parameters, choice of which atom collections will be formed into groups, method of determining the volume and surface area parameters for groups, and parameter availability The result is a suite of methods where the differences appear to be minimal, particularly for activity coefficients and free energies, in many organic and non-polymeric systems. Consistent with the fact that the composition dependence of H E can be dramatically more complex than that of G E [63], significant errors mostly appear only in excess enthalpies and entropies of systems with strongly polar, associating and/or non-spherical substances, and if the properties of isomers [50, 51] are compared. Illustratively, Tassios and co-workers [64] needed two different correlations to describe alcohol and non-alcohol systems. Obviously, the choice of which collections of atoms to define as groups, needs to be made with care so that these are independent of neighboring groups [51] . Differences among the versions mainly relate to whether or not cyclic and non-cyclic methylenes and hydroxyl groups of different orders are distinguished. The original UNIFAC forms [48] used volume and surface area parameters for the groups, proportional to values derived from the Bondi [65] tables, so the volume parameter is typically greater than the surface area parameter. Later versions [66] have routinely fitted these parameter values, while relaxing restrictions on their relative magnitudes. That gives suspicious results in some cases [67] . Finally, the modified form is more widely applicable, since it has parameters for more groups. Traditionally, extensions of parameter tables require experimental vapor-liquid equilibrium data. These are frequently unavailable. Much work has been done lately to try to derive the parameters from other sources than phase equilibrium data, including fitting the model to non-experimental 'pseudo data' generated from either molecular dynamics [68] simulations or calculations using conductor-like screening models [69] connectivity relationships [70] It remains to be seen how this problem will be dealt with in future. Either way, at ambient conditions, there should not be significant differences in the results, since only activity coefficients have been employed.
Conclusions
A computational procedure is developing that can potentially assist the biochemist in the solvent selection step, since it -helps rationalizing experimental results, -helps strategic selection of experimental efforts, -makes it more transparent why certain candidates are not selected, -allows the consideration of a great search space of molecular candidates and produces results consistent with experiments. Although the examples provided deal with lipases, there is no preclusion against application of the modeling framework to other enzymes, such as polyhydroxyalkanoates depolymerases in solvents. Therefore the results have a quite general value. Table 3 Number of candidates per basis set for transesterfication of octanol/vinyl laurate. Basis Set  Candidates  1  13  2  12  3  0  4 18 (all repetitions from Set 1/Set 2) 5 0 Table 4 Active constraints in for group sets resembling real substances.
Resembling substance Active constraint(s) 1-propanol, DMF, furfural iii), ii) tert-butanol, 1-pentanol, hexylamine i), iii) butyl acetate iv) acetonitrile, propionitrile, ethyl acetate i) methylamine, propionic aldehyde v), iii), i) methanol v), iii) ethylene glycol, DMSO i), ii), iii) alkanes, MTBE , dichloromethane, chloroform, CS 2 v) Indices on activity coeffients as in . Activity data are from [44] . S is calculated from eq. (8 ) .
